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ABSTRACT 
This  paper d e s c r i b e s  t h e  development and t e s t i n g  o f  two mechanism? 
us ing  a shape memory a l l o y  metal (NITINOL) as t h e  power source .  The 
two mechanisms developed a r e  a pass ive  Sun Seeker/Tracker and a g e n e r i c  
type  power module. These mechanisms use  NITINOL wi re  i n i t i a l l y  
s t r a i n e d  i n  pure  t o r s i o n  which provides  t h e  g r e a t e s t  mechanical work 
c a p a c i t y  upon recovery,  a s  compared t o  o t h e r  deformation modes ( i . e . ,  
t e n s i o n ,  h e l i c a l  s p r i n g s ,  and bending). (See Figure  1.)  
INTRODUCTION 
The term Shape M5mory E f f e c t  (S.YE) is  used t o  d e s c r i b e  a group of  
a l l o y s ,  t h a t  upon hea t ing ,  e x h i b i t  i i  new mechanical p roper ty  known a s  
shape memory o r  shape recovery (F igdre  2 ) .  These a l l o y s  possess  t h e  
a b i l i t y  t o  remember a shape impai-t ?d t o  them whi le  i n  t h e  high 
temperature  o r  a u s t e n i t i c  phase. A t  lower temperatures  they a r e  i n  t h e  
m a r t e n s i t i c  phase and may be s t r a i n e d  o r  deformed t o  some i n t e r m d i a t e  
shape. A l l  o r  some o f  t h a t  ! ~ l a s t i c  s t r a i n  may be recovered by 
subsequent h e a t i n g  through t h e  t r a n s i t i o n  temperature  from m a r t e n s i t i c  
t o  a u s t e n i t i c  s c a t e s .  The t r a n s i t i o n  temperature  is  q u i t e  low ( i . e . ,  
80°C (176"F), and t h e  recovery f o r c e  i s  approximately 758 MPa (110 
KSI). 
SUN SEEKEWTRACKER 
The Sun s e e k e r l t  r acker  senses  any misalignment of t h e  impinging 
s o l a r  r a d i a t i o n  and uses  t h i s  r a d i a t i o n  energy t o  d r i v e  t h e  mechanism 
u n t i l  i t  is cen te red  on t h e  Sun. Nei ther  e x t e r n a l  energy nor sign,-i1.s 
a r e  r e q u i r e d  t o  d r i v e  and p o s i t i o n  t h e  u n i t .  
P resen t  s ta te-of- the-ar t  t r a c k e r s  use o p t i c a l  d e t e c t o r s  t o  f i r s t  
seek  t h e  Sun and then  preprogrammed a lgor i thms  a r e  used t o  determine 
and fo l low t h e  p o s i t i o n  of t h e  Sun. The d r i v e  mechanisms c o n s i s t  of 
primary and back-up motors, g e a r  t r a i n s ,  and complex feedback 
c o n t r o l  systems. 
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The Sun s e e k e r / t r a c k e r  ( F i g u r e s  3 and 4 )  c o n s i s t s  of two major  s e c t i o n s :  
t h e  o u t e r  drum and t h e  i n n e r  drum, which houses  t h e  33 d r i v e  n i t s .  These 
s e c t i o n s  a r e  mounted on c o n c e n t r i c  s h a f t s  t h a t  r o t a t e  i ndependen t ly .  The 
i n n e r  drum i s  d i v i d e d  i n t o  10' s e c t i o n s  a round t h e  p e r i p h e r y ,  i n  which 
index ing  N i t i n o l  d r i v e  u n i t s  a r e  housed ( F i g u r e s  5 and 6 ) .  
The purpose  o f  t h e  d r i v e  u n i t s  is t o  s e q u e n t i a l l y  i ndex  t h e  i n n e r  
drum around t h e  f i x e d  o u t e r  drum u n t i l  a n e u t r a l  p o i n t  is reached ;  a t  
t h i s  t ime  t h e  u n i t  i s  c e n t e r e d  on t h e  Sun. A l o c k i n g  mechanism may be  
a c t i v a t e d  t o  ho ld  t h e  u n i t  i n  p l a c e  u n t i l  t h e  Sun moves f a r  enough t o  
a c t i v a t e  one of  t h e  p o s i t i o n i n g  N i t i n o l  d r i v e s .  
Eac3 o f  t h e  33 d r i v e  u n i t s  a r e  i d e n t i c a l ,  c o n s i s t i n g  o f  o n l y  t h r e e  
p a r t s :  a  l e v e r  arm, a  t o r s i o n  b i a s  s p r i n g ,  and a t w i s t e d  N i t i n o l  w i r e  
( F i g u r e  7 ) .  The o n l y  moving p a r t s  a r e  "he l e v e r  arm and i t s  p i v o t i n g  
head,  bo th  of which have b i a s  s p r i n g s  t o  s tow t h e  mechanism a f t e r  
a c t i v a t i o n .  The N i t i n o l  wil-e is f i x e d  i n t o  t h e  r o t a t i n g  l e v e r  arm and 
clamped t o  t h e  i n n e r  drum on t h e  o t h e r  end. O v e r a l l ,  t h e  whole 
assembly  is ve ry  s imp le  and r e l i a b l e ,  and i ts  c o s t  cou ld  be reduced by 
inves tmen t  c a s t i n g  t h e  l e v e r  arms and heads  s i n c e  a;l 33 d r i v e  u n i t s  
a r e  i d e n t i c a l .  
For s e v e r a l  r e a s o n s  t h e  0.14 cm (0.055 i n )  w i r e  d i a m e t e r  was s e l e c t e d  
ove r  t h e  a v a i l a b l e  0.08 cm (0.031 i n )  and 0.25 cm (0.098 i n )  w i r e  d i a m e t e r s  
t o  d r i v e  t h e  u n i t .  F i r s t  t h e  work p e r  u n i t  volume r a t i o  was h i g h e r  f o r  
t h i s  w i r e  t han  t h e  o t h e r s  t e s t e d  i n  t o r s i o n  a s  ( F i g u r e  8 )  and t h e  c a l c u l a t e d  
o u t p u t  t o r q u e  and o v e r a l l  mechanism s i z e  was w e l l  s u i t e d  f o r  a  p r o t o t y p e  
m ~ d e l  u s i n g  t h e  0.14 cm d iame te r  wire. 
When t h e  d r i v e  u n i t  is i n  t h e  stowed p o s i t i o n ,  t h e  c o o l  m a r t e n s i t e  
N i t i n o l  wire, i n i t i a l l y  t w i s t e d  app rox ima te ly  500°, i s  r e s t r a i n e d  i n  
a t w i s t e d  c o n f i g u r a t i o n  by a t o r s i o n  b i a s  s p r i n g .  The o v e r a l l  a n g u l a r  
movement is 50° upon h e a t i n g  and is' l i m i t e d  i n  e i t h e r  d i r e c t i o n  by 
r o l l  p i n  s t o p s .  A c t i v a t i o n  o c c u r s  when t h e  Sun r a y s  h e a t  t h e  N i t i n o l  
w i r e  above t r a n s f o r m a t i o n  t empera tu re  and e las t ic  a u s t e n i t i c  r e c o v e r y  
t e n d s  t o  u n t w i s t  t h e  wire t o  t h e  u n t w i s t e d  memory annea l ed  
c o n f i g u r a t i o n .  I n  t h e  p r o c e s s ,  t h e  toi .s ion b i a s  s p r i n g  is wound and 
t h e  l e v e r  arm d r i v e s  t h e  i n n e r  drum w i t h  r e s p e c t  t o  t h e  o u t e r  drum 
l o 0 ,  ( F i g u r e  3j. Now t h e  a d j a c e n t  w i r e  is exposed and h e a t e d ,  t h i s  
sequence  c o n t i n u e s  u n t i l  t h e  mechanism i s  c e n t e r e d  on t h e  Sun and  
locked i n t o  p o s i t i o n .  A s  t h e  N i t i n o l  c o o l s ,  t h e  modulus of e l a s t i c i t y  
of  t h e  w i r e  d e c r e a s e s  a l l o w i n g  t h e  t o r s i o n  b i a s  s p r i n g  t o  wind t h e  
N i t i n o ?  wi re  and s tow t h e  d r i v e  u n i t ,  t o t a l l y  d i s e n g a g i n g  i t  from t h e  
o u t e r  drum. A s  i t  i s  s towed,  t h e  l e v e r  arm must c l e a r  t h e  n e x t  i n d e x i n g  
peg on t h e  o u t e r  drum. A s  shown i n  F i g u r e  9 ,  t h e  s p r i n g  loaded  head 
of  t h e  l e v e r  arm p i v o t s  t o  c l e a r  t h e  i n d e x i n g  p i n  of  t h e  o u t e r  drum. 


Figure 5. View oi Lever Arm Arrangement 
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Figure 6. Cross-section of Sun Seeker/Tracker 
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B a f f l e s  a r e  used  t o  a l l o w  t h e  s u n l i g h t  t o  h e a t  o n l y  one of t h e  N i t i n o l  
d r i v e s  a t  a time. Each d r i v e  u n i t  i s  t o t a l l y  independent  from t h e  o t h e r s .  
I f  a  u n i t  f a i l s ,  o p e r a t i o n  of  any o t h e r  u n i t  i s  n o t  a f f e c t e d ,  a s  t h e  o t h e r  
u n i t s  w i l l  c o n t i n u e  t o  o p e r a t e  a c c u r a t e l y .  I f  two o f  t h e  d r i v e  u n i t s  
a r e  a c t u a t e d ,  one on t h e  h e a t i n g  c y c l e  and one c o o h l g ,  t h e  d r i v i n g  u n i t  
w i l l  s t i l l  p r o p e r l y  f u n c t i o n  because  t h e  l e v e r  arms act as a pawl and 
w i l l  no t  c a t c h  on t h e  index ing  p i n s  u n l e s s  t h e y  are d r i v i n g .  The l e v e r  
arms are s t a g g e r e d  i n  two l e v e l s  t o  e l i m i n a t e  any p o s z i b l e  i n t e r f e r e n c e .  
To i n c r e a s e  t h e  r a d i a t i o n  a b s o r p t i o n  o f  t h e  wire, a p a r a b o l i c  
r e f l e c t o r  was placed  d i r e c t l y  behind t h e  N i t i n o l  w i t h  t h e  wire a t  t h e  
p a r a b o l i c  f o c u s  p o i n t .  The wire was a lso  p a i n t e d  b l ack  t o  i n c r e a s e  t h e  
amount o f  abso rbed  r a d i a t i o n ;  because  b a r e  me ta l  r e f l e c t s  a  l a r g e  p o r t i o n  
of t h e  impinging  r a d i a t i o n .  
The number o f  d r i v e  u n i t s  de t e rmines  t h e  accu racy  o f  t h e  t r a c k e r .  
Th i s  t r a c k e r  i s  accu ra t :  t o  +5' of c e n t e r i n g  on t h e  Sun w i t h  10' i n d e x i n g  
s t e p s .  Dr ive  u n i t s  on tithe: s i d e  of  t h e  c e n t e r  p o s i t i o n  a r e  a r r a n g e d  
t o  d r i v e  towards t h e  c e n t e r e d  p o s i t i o n ,  t h u s  t h e  maximum a n g l e  t h e  u n i t  
w i l l  have  t o  r o t a t e  when s e e k i n g  t h e  Sun i s  180'. See F i g u r e  5. 
The assembled u n i t  i s  15.25 cm (6 i n )  i n  d i a m e t e r  by 8.9-cm (3.5- 
i n )  l o n g  and i s  capab le  o f  o p e r a t i n g  w i t h  a r e s t r a i n i n g  t o r q u e  o f  0.36 
Nm (52 in -oz)  and a  s t a l l  t o r q u e  of 0.65 Nm (92 in-02). The o u t p u t  t o r q u e  
is  a  f u n c t i m  o f  t h e  s i z e  of  N i t i n o l  w i r e  d r i v i n g  t h e  u n i t ;  l a r g e r  
N i t i n o l  w i r e s  cou ld  he used  t o  g r e a t l y  i n c r e a s e  o u t p u t  t o rque .  
The u n i t  w i l l  t r a c k  and s e e k  i n  one a x i s .  I f  two u n i t s  were used ,  
t h e  Sun c o u l d  be sought  and t r a c k e d  i n  two-axis o r  i n  t h ree -d imens iona l  
space .  A t  t h e  p r e s e n t  time, t h i s  p r o t o t y p e  u n i t  is undergoing  c y c l i c  
l i f e  tests. To d a t e  t h e  u n i t  h a s  been o p e r a t i n g  d a i l y  f o r  26 weeks 
us ing  s o l a r  energy c o n c e n t r a t e d  by f r e s n e l  l e n s e s .  
No mechanical  p r o b l e t : ~  have been expe r i enced  and no N i  t i n 0 1  f a t i g u e  
o r  c r e e p  has  been noted .  The on ly  ad jus tmen t  r e q u i r e d  h a s  been t o  
manually c o r r e c t  for1 t h e  e c l i p t i c  p l a n e  a n g l e  eve ry  few days. 
TORSION DRIVE MODULE 
Tine t o r s i o n  d r i v e  module i s  a u n i t  c o n t a i n i n g  f o u r  N i t i n o l  w i r e s  
coupled w i t h  s p u r  g e a r s  producing  c y c l i c  r o t a r y  motion of t h e  o u t p u t  
s h a f t  when a c t i v a t e d .  T h i s  u n i t  can  be used  i n  such  a p p l i c a t i o n s  a s  
opening and c l o s i n g  v a l v e s  and l a t c h e s ,  r o t a t i n g  l e n s e s  and f i l t e r  caps  
i n t o  p o s i t i o n ,  window b l i n d  c o n t r o l s ,  o r  any a p p l i c a t i o n  t h a t  needs  a 
c y c l i c  d r i v e  u n i t  w i t h  r e s tow c a p a b i l i t i e s .  
The module is  a 74 gram compact u n i t  (2.5 cm by 2.5 cm by 8.3 cm) 
capable of producing output  to rque  of 0.58 Nm (5.1 i n  l b s )  i n  e i t h e r  
d i r e c t i o n  wi th  up t o  200' of r o t a t i o n .  I n  s p e c i f i c  s i t u a t i o n s  where 
t h e  output  c h a r a c t e r i s t i c s  of  t h e  module a r e  d e s i r e d ,  t h e  SME module 
would be s u p e r i o r  t o  any convent ional  d r i v e  s i n c e  because ou tpu t  to rque  
t o  volume and weight r a t i o s  d r e  s e v e r a l  times higher.  
The module uses  f o u r  0.14-cm diameters ,  5-cm long  N i t i n o l  w i r e s  
clamped d o m  on one end and coupled wi th  wind-up g e a r s  on t h e  o t h e r .  
See Figure  10. I n i t i a l l y ,  two of  t h e  wi res  were t w i s t e d  400' and t h e  
o t h e r s  were f r e e  from s t r a i n .  The annealed shape was a s t r a i g h t  wire. 
Therefore ,  when t h e  twis ted  w i r e s  a r e  heated t o  t r ans fo rmat ion  temperature ,  
they w i l l  recover  t o  t h e i r  memory (i .e . ,  untwis ted  conf igura t ion) .  Upon 
recovery they i n  t u r n  w i l l  wind t h e  two cool  m a r t e n s i t i c  w i r e s  whi le  
producing an output  to rque  on t h e  s h a f t  clamped t o  one of t h e  wires .  
Now t h e  o t h e r  two wi res  a r e  t w i s t e d  and once hea ted  above t r ans fo rmat ion  
temperature they w i l l  recover ,  t w i s t i n g  t h e  two coo l  wi res  and d r i v i n g  
t h e  output  s h a f t  wi th  a to rque  o f  0.58 Nm. In  t h i s  manner, r e p e a t a b l e  
power i s  produced i n  both d i r e c t i o n s .  Output to rque  is  a f u n c t i o n  of  
w i r e  d iameter ,  and t h e  angle  of t w i s t  i s  a f u n c t i o n  of  w i r e  l eng th .  
The module could have been made s h o r t e r  wi th  t h e  same ou tpu t  to rque  but  
reduced output  angular  r o t a t i o n .  
For demonstrat ion purposed, t h e  wises  were heated e l e c t r i c a l l y  
us ing a 2 V  rechargable ,  wet c a l l ,  but  any energy source  could power 
t h e  module i f  it could hea t  t h e  wire  above 80°C. 
CONCLUSIONS 
A wide range of a p p l i c a t i o n s  f o r  N i t i n o l  m a t e r i a l s  appears  t o  e x i s t  
i n  a v a r i e t y  of s t r u c t u r a l  and mechanical dev ices  (Figure  11). For space  
systems a p p l i c a t i o n s ,  t h e  p o t e n t i a l  of d i r e c t l y  us ing environmental  thermal 
energy t o  a c t u a t e  r equ i red  mechanical motions is a t t r a c t i v e .  
The m a t e r i a l  is b a s i c a l l y  m e t a l l i c  and should e x h i b i t  e x c e l l e n t  
r e s i s t a n c e  t o  hard vacuum, temperatures  extremes,  and r a d i a t i o n .  
Fur the r  experimental  work i n  c h a r a c t e r i z i n g  and c o n t r o l l i n g  the  
thermomechanical p r o p e r t i e s  of N i t i n o l  is requ i red  t o  permit  t h e  des ign 
and cons t ruc t ion  of r e l i a b l e  space  hardware. 


